Abstract. Magnetic properties of free and supported Vanadium clusters of up to four atoms have been calculated self-consistently using the density functional theory. For the free clusters we have used the self-consistent field-linear combination of atomic orbitals-molecular orbital theory with a Gaussian basis for the atom. The geometries, together with the preferred spin multiplicities, were optimized by using the method of steepest descent. For supported clusters on Cu(001) and Ag(001), we have used the self-consistent Korringa-Kohn-Rostoker (KKR)-Green's function approach. Both free and supported clusters are found to be magnetic, although the magnetic moments depend strongly on the cluster size. While free clusters have ferromagnetic ground states, the supported V clusters in general prefer antiferromagnetic configurations. The role of inter-atomic distances, coordination, and surface morphology on the magnetic properties of V clusters are discussed.
Introduction
The ability of experimentalists to synthesize materials with reduced size (clusters and nanostructures) and dimension (one dimensional chains and multilayers), has given rise to a renewed interest in the study of magnetism of atomically engineered materials [1, 2] . It is commonly believed that the magnetic moment per atom is enhanced when the system's size and/or dimensionality is lowered. This is because both these factors reduce the coordination number which in turn reduces the bandwidth [3] . Consequently, the density of states near the Fermi energy is enhanced causing the moments to rise. Experiments [2, 4] on clusters, nanostructures and ultra-thin films support this qualitative description.
The fact that reduced size and dimension can enhance magnetism of ferromagnetic materials has led to numerous investigations (both experimental and theoretical) which probe possible magnetism in otherwise non-magnetic materials [5] [6] [7] [8] . For example, it was predicted [5, 6] and later verified experimentally [7] that alkali metal clusters as well as Rh clusters [8] could be magnetic. Theoretical calculations of 3d transition metal monolayers on metal substrates [9, 10] have also predicted substantial moments and magnetic ordering. Some of these predictions have been verified experimentally [1] .
One of the most controversial results on magnetism of otherwise non-magnetic material in reduced size and dimension has to do with vanadium. For example, a number of theoretical calculations with varying degrees of approximation have predicted V monolayers to be magnetic [10, 11] . However, there are conflicting experimental results. While spinpolarized photoemission measurements provided no evidence [12] for ferromagnetism of V on Ag(001), magnetism of ultrathin V layers sandwiched in Ag layers has been observed using a SQUID magnetometer [13] . Recently, experimental investigation of V layers on Mo substrates support the latter conclusion [14] .
The study of magnetism of free V clusters also suffers from the same controversy. An early experiment by Akoh and Tasaki [15] confirmed that small particles of vanadium in the size range 100-1000 atoms are magnetic. However, a recent experiment of Douglass et al [16] found no evidence of magnetism in free V clusters containing as few as 9 atoms. This disagreement between two experimental results is striking, as it is well known that the properties of clusters approach bulk behaviour as their size increases. How is it possible, then, that large V clusters are magnetic, while small clusters are not?
The disagreement among theoretical results is less severe. A number of groups have studied the magnetism of V clusters containing up to 15 atoms [3, 17, 18] . These clusters were confined to the bulk bcc geometry and bulk interatomic spacing. All calculations predict that small V clusters are magnetic although the magnitudes of the magnetic moments differ depending on the level of approximations used. It is, however, hard to compare these results with experiments on free clusters for the following reasons: (i) The geometry of small clusters does not resemble the atomic arrangement in the corresponding bulk. (ii) The interatomic spacings in small clusters are usually less than that in the bulk. Both these factors are well known to have a significant effect on the magnetic moment.
Recently, magnetism of V islands on Ag(001) has been studied using the empirical tight-binding approach [19] . The authors find the islands to be magnetic. Furthermore, the moments depend on the nature of the coupling between the V atoms and the nearest neighbour sites. No experiments are available to our knowledge to compare with the above prediction.
In this paper we study the electronic structure, relative stability and magnetism of V n (n 4) clusters in free space as well as those deposited on Ag(001) and Cu(001) substrates. The surfaces of Cu and Ag both have the electronic d-bands located well below the Fermi level. The influence of the noble metals on clusters is mainly due to the hybridization of the cluster d-electrons with the s-and p-levels of the substrate. Our aim is to see how the interaction of clusters with substrate atoms affects their electronic and magnetic properties compared to those in free space. This understanding is important since efforts are currently being made in synthesizing cluster assembled materials by depositing them on various substrates [20] . Our calculations are performed using state-of-the-art first principles theoretical techniques. The study of free clusters is carried out using the selfconsistent field-linear combination of atomic orbitals-molecular orbital (SCF-LCAO-MO) theory [21] . The calculations on V clusters supported on Ag and Cu surfaces are performed using the self-consistent KKR-Green's function method [22] . Both theories make use of the spin density functional formalism. For free clusters we have used both the local spin density approximation (LSDA) as well as the generalized gradient approximation. For supported clusters, only the LSDA form is used. The studies are carried out for different spin multiplicities, magnetic coupling and geometry.
In the following section we briefly outline the theoretical procedures used for the free and supported clusters. The results are described in section 3 and summarized in section 4.
Theoretical procedure
The theoretical techniques used for studying free and supported clusters are different and are outlined separately in the following.
Free clusters
The wavefunction ψ σ for the cluster is represented by a molecular orbital constructed from a linear combination of atomic orbitals φ σ , centred at individual atomic sites R ν , given by
The coefficients of linear combination c σ iν are obtained by solving the following secular equation (in atomic units) self-consistently:
Here V es and V xc are the electrostatic and exchange-correlation potentials respectively. The exchange-correlation potential was treated at two levels of theory: the local spin density approximation and the generalized gradient approximation in the density functional theory. The atomic wavefunctions φ σ are fitted to a set of Gaussian functions and the total energy of the cluster for a fixed spin multiplicity is calculated self-consistently using the Gaussian 94 software [23] . The LSDA calculations used the exchange and correlation functional due to Vosko et al [24] , while the generalized gradient approximation (GGA) made use of the Becke-Perdew-Wang method (BPW91) [25] . We have performed all electron calculations using a (14s, 9p, 5d/9s, 5p, 3d) basis for V. The forces at the atomic sites were calculated using the numerical gradient technique and the geometry is optimized using the method of steepest descent. The binding energy, E b (n) of a V n cluster is defined as
where E(n) is the total energy of the n-atom cluster and E 0 is the energy of the atom. The vertical ionization potential is calculated by taking the difference between the total energies of the neutral and singly charged cluster, both having the neutral geometry.
Supported clusters
The calculational method used for the supported clusters is described here only briefly, since details can be found elsewhere [22] . The calculations are carried out using the KKR-Green's function method. The method is based on density functional theory in the local spin density approximation (LSDA). The Green's function of the bulk system is transformed into a layer representation. The atomic potentials of seven layers are removed to create two practically uncoupled half-crystals. The Green's function of the ideal surface is then used as the reference Green's function to calculate the electronic properties of supported clusters. The cluster on the surface destroys 2d translational symmetry of the ideal surface. Therefore the Green's function of the cluster is calculated from a Dyson equation in site representation:
Here G nn LL (E) is the energy-dependent structural Green's function matrix and G 0nn LL (E) the corresponding matrix for the ideal surface. The summation is over all lattice sites n and all angular momenta L for which the perturbation t n L (E) between the t matrices of the real and the reference system is significant. In our calculations perturbations on the nearest neighbour sites of the supported cluster are taken into account. While angular moments up to l = 3 are included in the calculations of the wavefunction, the Coulomb and exchangecorrelation potentials were calculated using the full charge density by taking into account a multipole expansion up to l = 6. For the latter the functional of Vosko et al [24] is used.
Only the spherical symmetric part of the potential inside the Wigner-Seitz sphere is used to calculate the Green's function. This approximation is not important for the calculation of local moments [26] .
Results and discussion
The equlibrium geometry, binding energy and preferred spin multiplicities of free V n (n 4) clusters were calculated using the SCF-LCAO-MO method. To test the accuracy of the method we first compare our calculated results on the ground state of the V atom, as well as the energetics of the V 2 dimer, with the corresponding experimental results [27] . The ground state of the V atom in the local spin density approximation is 6 D 1/2 . This corresponds to a magnetic moment of 5 µ B . However, when corrections to the exchange-correlation potential are applied, based on Becke's generalized gradient approximation (GGA), the ground state of the V atom using the above basis set is 4 F 3/2 with a moment of 3 µ B in agreement with experiment [27] . We have calculated the free V atom also by means of our KKR technique. If we place a single V atom in the middle of the vacuum layers, which cuts the bulk Ag system into two Ag(001) half-crystals, we get a magnetic moment of 4.68 µ B in the WignerSeitz cell. This is in agreement with the LSDA version of the SCF-LCAO-MO calculation. We recall that in the KKR formalism the exchange-correlation potential is treated within the LSDA and non-integer occupancies are allowed. The small difference between 5.0 µ B calculated for the free atom within the SCF-LCAO-MO scheme and 4.68 µ B in the KKR scheme is partly due to the small influence of the Ag substrate in the latter method and partly due to the non-integer occupancies allowed in these calculations. The magnetic moments of the V adatom (see table 2) on the Cu(001) and Ag(001) substrates are respectively 3.03 µ B and 3.41 µ B and are considerably reduced from the free atom value of 4.68 µ B . This is caused by the hybridization of the V d-electrons with the sp-electrons of the metal substrates and by the nearly total quenching of the s-moment. This hybridization is stronger for the Cu(001) substrate than for the Ag(001) substrate.
The calculated ionization potential of the V atom is 6.12 eV and compares well with the experimental value [27] of 6.74 eV. The electronic ground state of V 2 is 3 − g and agrees with recent experiment [28] . The calculated binding energy and bond length of V 2 at the GGA level of theory are respectively 2.94 eV and 1.73Å. The corresponding experimental values [28] are 2.75 eV and 1.77Å. We should note that LSDA tends to overestimate the binding energy while the bond length is less sensitive. For example, we obtain a binding energy of 5.52 eV and a bond length of 1.71Å for V 2 using LSDA. Both GGA and LSDA give the ground state of V 2 to be a triplet. There have been a number of earlier theoretical works [29] on V 2 ranging from extended Hückel to local spin density calculations, which yield the ground state of V 2 to be 9 − u or 1 + g . However, our result of spin triplet as the ground state of V 2 agrees with recent experiment [28] and theory [3, 30] .
The geometries of the V n clusters are given in figure 1 . The bond lengths, binding energies, and the magnetic moments per atom are given in table 1. Note that, as in V 2 , the binding energy per atom in the local spin density approximation is consistently higher than that using the gradient correction. However, the bond lengths, bond angles and the magnetic moment per atom remain practically unaffected. It is also interesting to note that the binding energy of 1.47 eV/atom and bond length of 1.73Å of the V 2 dimer are significantly less than the corresponding values for bulk vanadium, which has a cohesive energy of 5.31 eV and a nearest neighbour distance of 2.62Å. The magnetic moment per atom of the dimer is 1.0 µ B and is significantly reduced from the gradient corrected free atom value of 3.0 µ B .
To aid in the discussion to follow, we have calculated the binding energy of a V 2 dimer as a function of interatomic distance for different spin multiplicities, such as triplet, quintet, septet, etc. It is expected that as the interatomic separation of the V 2 dimer is increased, the overlap between the orbitals centred at each atomic site should decrease. This in turn should cause the magnetic moment per atom to increase. To examine how this process evolves, we plot the binding energy (calculated using the GGA) of the dimer in figure 2 for various spin multiplicities. Note that when the interatomic separation reaches about 1.9Å, the ground state changes from a triplet to quintet. At an interatomic distance of about 2.2Å, the states with spin multiplicities of 5 and 7 are nearly degenerate. Beyond this distance the preferred spin multiplicity is 7. Thus, as V clusters are deposited on a metallic substrate, their interaction with the substrate atoms will cause the V-V distance to conform to the distance in the underlying lattice. Consequently, this factor alone can cause their magnetic moment to differ from the free cluster value.
For example, when we confine the V 2 dimer to a distance of 2.56Å and 2.89Å, which corresponds to distances the dimers would have on a Cu(001) and Ag(001) surface, respectively, the magnetic moment per atom is 3.0 µ B . Using the KKR formalism we have calculated the magnetic moment per atom of V 2 on the Cu(001) and Ag(001) surfaces as well as in the bulk systems. In order to check the accuracy of the method, we have also used the KKR method to simulate the free V 2 dimer as was done for the free V atom in the discussion above. Our calculated values of 3.45 µ B /atom for the Cu(001) and 3.58 µ B /atom for the Ag(001) surfaces agree well with the spin septet configuration obtained in the SCF-LCAO-MO method (see table 2 ). Note again that the KKR method only used the LSDA level of theory while our results in figure 2 are with generalized gradient approximation. However, the use of the LSDA (as opposed to the GGA) method in the KKR calculation is not expected to adversely affect our conclusions concerning the magnetic moments of the supported V clusters. As mentioned earlier and shown in table 1, the magnetic moments are not sensitive to these approximations in clusters. The interaction of the dimer with the Ag surface reduces the moment to 3.38 µ B per atom. This is mostly due to the further quenching of the s-moments on the surfaces. The smaller interatomic spacing on the Cu(001) surface compared to that of Ag and a stronger hybridization of the V wavefunctions with the sp-wavefunctions of the Cu substrate reduces the moment of the supported V 2 dimer further to 2.85 µ B . Blügel et al [10] have also calculated the moments of single V impurities and V impurity pairs in bulk Cu and Ag. In this paper it was shown that the strength of the 3d-3d hybridization increases with the delocalization of the 3d wavefunction, due to the reduction of the dimer bond length. Our results on the relative variation of magnetic moments of V 2 dimers on Cu and Ag are consistent with this study. The structure of the free V 3 trimer is an equilateral triangle with a bond length of 2.14Å and a binding energy of 1.76 eV/atom. The magnetic moment per atom is 1.67 µ B and is significantly higher than the dimer value of 1.0 µ B . To understand the origin of this increase, we note that the interatomic distance as well as the coordination number in V 3 are larger than those in V 2 . Typically these two factors act in opposite directions-increasing the interatomic distance causes the moments to rise (as seen in figure 2) , while increasing the coordination number causes the moments to decrease. If V 2 is constrained to a bond length of 2.14Å, the preferred moment per atom for this configuration would be 2 µ B /atom. The fact that in V 3 the magnetic moment is 1.67 µ B /atom shows that the increasing coordination has played a role in diminishing the magnetic moment.
Brune et al [2] have shown that small linear chains and planar islands can be created on a substrate by special growth techniques. Therefore, we have studied the magnetic moments of a V 3 linear chain and V 4 in-plane square island configuration. Other geometries are possible, but here we only restrict ourselves to the above geometries.
The moments of the supported trimers are changed only slightly (2.76 µ B for Cu(001) and 3.36 µ B for Ag(001)) compared with the dimers. The atom in the middle of the trimer has a higher coordination and therefore a smaller moment (2.58 µ B for Cu(001) and 3.34 µ B for Ag(001)) than the other two atoms (2.85 µ B for Cu(001) and 3.38 µ B for Ag(001)). This leads to a decrease of the mean value of the trimer moment (see table 2 ).
We have also calculated the moment of the V 3 trimer as a linear chain in free space. We find that there are two magnetic solutions with 2.33 µ B /atom and 1.0 µ B /atom that are nearly degenerate, the former being approximately 0.01 eV lower in energy. This configuration, however, is 1.5 eV higher in energy than the groundstate, which is an equilateral triangle.
For a V 4 cluster, the equilibrium structure is a slightly distorted tetrahedron. The interatomic distance in the plane is 2.33Å while that between the apex atom and an atom in the plane is 2.16Å. The binding energy per atom and the magnetic moment per atom are respectively 2.20 eV and 1.0 µ B . The sharp decrease in the moment in V 4 compared to that in V 3 can be attributed to be primarily due to an increasing coordination number since the interatomic distances between V 3 and V 4 clusters differ very little. We have also searched for the existence of other structural isomers and found that V 4 can exist as a planar rhombus structure with an interatomic distance of 2.06Å. However, this structure lies 0.21 eV in energy above the tetrahedral configuration. Interestingly, both the rhombus and tetrahedral structure have the same moment per atom at the GGA level of theory.
For the supported islands consisting of 4 atoms the moments decrease compared to the trimers. The decrease for the Cu substrate is similar to what has been observed for the free clusters. For the four-atom cluster on the Ag substrate the relative decrease is considerably smaller. The decrease of the moment on Cu is stronger than that on Ag, since the lattice constant of Cu is about 10% smaller than that of Ag and therefore the d-d hybridization is stronger.
It should be noted that in the supported clusters, the effect of relaxation was ignored. For example, the atomic positions in Cu(001) and Ag(001) substrates were assigned their ideal lattice configurations. When V clusters were deposited on these substrates, their positions were also assumed to conform to the ideal substrate structure, i.e. the V-V distance and height of the cluster plane from the surface were the same as that of the substrate. This assumption was necessary due to the computational limitations. The loss of symmetry due to the absorbed clusters already makes the ab initio KKR calculations very complex. Adding the effect of surface relaxation is beyond the scope of present day computational resources if calculations at the first principles level of theory, taking into account the semiinfinite surface, are desired. However, we can study the effect of relaxation qualitatively by referring to our results in figure 2 . Note that the nearest neighbour distances in bulk V, Cu, and Ag are respectively 2.62, 2.56 and 2.89Å. Thus, for V n on Cu(001) we do not expect any significant change in the moment due to relaxation. For V n on Ag(001) the lattice mismatch is about 10%. As can be seen from figure 2, the moment per atom of the V 2 dimer does not change for 2.6 < R < 2.9Å. Consequently we expect the moment of V n clusters on Ag to be unaffected due to relaxation as well. This expectation, of course, clearly neglects any electronic considerations arising from the interaction between the clusters and the substrates. We are currently working on methods that combine KKR with the tight binding model, which will enable us to examine, in the future, the role of surface relaxation on cluster magnetism. In this paper we have restricted our studies of V n clusters to the ferromagnetic solutions. This is because the V n clusters in free space are found to be ferromagnetic. However, this seems not to be the case for the supported V clusters. Detailed calculations for Cu(001) [33] show that the V dimers, trimers and tetramers prefer antiferromagnetic configurations. For instance, the antiferromagnetic configuration of the V 2 dimer is 0.2 eV/atom lower in energy than the ferromagnetic one, and also for the V trimer and tetramer the configurations with antiferromagnetic nearest-neighbour coupling are lower in energy than the ferromagnetic solutions, in the case of V 3 by 0.11 eV/atom and V 4 by 0.05 eV/atom. Since all free V clusters are ferromagnetic, we believe that the preference of the antiferromagnetic configuration is a typical result of the hybridization with the substrate. To show this, we have calculated the ferromagnetic and antiferromagnetic state of the free V dimer with a bond length corresponding to the nearest neighbour distance of the Ag lattice using the KKR method. We get moments of 3.58 µ B for the ferromagnetic state and ±3.58 µ B for the antiferromagnetic state. The ferromagnetic groundstate is 0.013 eV/atom lower in energy than the antiferromagnetic state. This is in line with calculations by Blügel et al [10] for complete V monolayers. While a V monolayer deposited on Ag(001) prefers the antiferromagnetic configuration, a free-standing V monolayer with the Ag lattice constant shows a ferromagnetic ground state. As explained in detail by Blügel et al [10] the hybridization with the substrate slightly broadens the density of states of the monolayers, which is unfavourable for the ferromagnetic configuration.
Another characteristic property of the multimers on surfaces is the existence of multiple spin configurations. This effect has been known to exist for bulk metals, alloys, as well as ultrathin films [31] . Even some clusters exhibit multiple spin configurations. For example, the anomalous photo-detachment spectra of the Li − 4 cluster was explained due to the coexistence of the anionic cluster in doublet and quartet spin configurations [32] . Recently Stepanyuk et al [33] have studied the energetics of the trimers of 3d elements on Cu(001). For all 3d trimers they found the existence of four different spin configurations: ferromagnetic, antiferromagnetic and two different kind of low spin states. In some particular cases such as V 3 and Mn 3 , the energy differences between various magnetic states can be as small as 8 meV and magnetic fluctuations are possible. In general also non-collinear states cannot be excluded.
The effect of the matrix on the magnetic properties of the transition metal cluster will undoubtedly be an important topic for further studies, as the possibility of synthesizing cluster assembled materials becomes promising. Thus an in depth understanding of the properties of the free and supported clusters will lead to a rich and interesting field of research in the future.
Conclusions
Self-consistent calculations based on the local spin density functional theory have been carried out to study the magnetic properties of free and supported V clusters on Cu(001) and Ag(001) substrates. The geometries of the free clusters were fully optimized. All free V n clusters up to n = 4 were found to be magnetic with moments per atom varying nonmonotonically with size. While the non-local correction to the density functional theory had a substantial effect on the magnetic moment of the free V atom, it had no effect on the moment of V clusters when compared to the local approximation. We recall that V n clusters containing more than nine atoms were found to be magnetic experimentally. In this work we have not optimized geometries of V n clusters for n > 4. Thus it is difficult to compare the theory with experiment. However, we are confident about our results that V n (n 4) clusters are magnetic. This confidence is based on the past success of the density functional theory not only predicting [6] magnetism of clusters that later were verified experimentally [8] , but also in correctly identifying the ground state spin multiplicity of Fe, Co, and Ni dimers [34] .
Surprisingly the moments of the supported V clusters are considerably larger than the ones for the free clusters. This enhancement of the moments of the supported clusters is basically due to the fact that the nearest neighbour distances offered by the Ag(001) and Cu(001) substrates are significantly larger than the corresponding distances in the free clusters. The somewhat smaller moments on the Cu substrate as compared to the Ag can also be understood in this way since the lattice constant of Ag is 10% larger than that of Cu, resulting in a much reduced hybridization. Accurate description of the substrate relaxation resulting from cluster deposition is necessary before one can conclusively state that the supported V n clusters would retain their magnetic character.
A second difference between the examined free and supported V clusters is the magnetic character of the ground state. While the free clusters have ferromagnetic ground states, the supported V clusters in general prefer antiferromagnetic configurations. The hybridization with the substrate leads to a broadening of the density of states, which tends to destabilize the ferromagnetic coupling. Our calculations also suggest the existence of multiple magnetic solutions. In special cases this might make it difficult to compare theory with existing experiment. Thus magnetic experiments on controlled substrates with well defined clusters would be very helpful.
